The objective of this pilot study was to evaluate the influence of sampling technique and exposure to different bedding types on the milk microbiome of healthy primiparous cows. Primiparous Holstein cows (n = 20) with no history of clinical mastitis or monthly somatic cell counts >150,000 cells/mL were selected for this study. From each enrolled cow, a composite milk sample was aseptically collected from all 4 mammary quarters (individual quarter somatic cell counts <100,000 cells/ mL), 1 individual quarter milk sample was collected using conventional aseptic technique, and 2 individual quarter milk samples were collected directly from the gland cistern using a needle and vacuum tube. All milk samples were cultured using standard milk microbiological techniques and DNA was extracted. Extracted DNA was subjected to PCR and next-generation sequencing for microbiota determination. All samples yielded relatively little total DNA. Amplification of PCR was successful in 45, 40, and 83% of composite, conventional, and cisternal samples, respectively. Bacteria were successfully cultured from 35% of composite milk samples but from none of the quarter milk samples collected using conventional or cisternal sampling techniques. Bacterial DNA sequences were assigned to operational taxonomic units (OTU) based on 97% sequence similarity, and bacterial richness and diversity were determined. Most samples were dominated by low-prevalence OTU and of the 4,051 identified OTU, only 14 were prevalent at more than 1% each. These included bacteria typically recovered from environmental sources. Chao richness was greatest in composite samples and was 636, 347, and 356 for composite, conventional quarter, and cisternal milk samples, respectively. Shannon diversity was similar among sample types and ranged from 3.88 (quarter) to 4.17 (composite). Richness and diversity did not differ by bedding type among cisternal samples, but the power of this pilot study was limited due to small sample size. Despite the small sample size, for milk samples collected from the gland cistern, overall bacterial community composition differed among bedding types. These results demonstrate that sampling technique and bedding type may be associated with the microbiota detected in bovine milk, and we suggest that these variables should be considered in designing and reporting studies about the milk microbiota.
INTRODUCTION
The development of high-throughput DNA sequencing has allowed detection of DNA from bacteria that cannot be cultured. Healthy bovine milk was long considered sterile, but recent studies have reported the presence of a microbiota in milk from apparently healthy mammary quarters (Oikonomou et al., 2012; Kuehn et al., 2013; Ganda et al., 2016) . Sample collection methods in previous studies about the bovine milk microbiota have varied, making comparisons among studies difficult. This variation has included use of teat sanitizing solutions that conformed with National Mastitis Council recommendations (Kuehn et al., 2013) , use of alternative sanitizers (Bhatt et al., 2012) , and studies that included producer-collected samples (Oikonomou et al., 2012) . All bovine milk microbiota studies reported to date have used milk samples that passed through the teat canal and apex, both of which are known to contain their own microbiota (Braem et al., 2012; Falentin et al., 2016) .
The influence of sampling method on results of PCR testing of bovine milk samples has been examined (Hiitiö et al., 2016; Friman et al., 2017) . As compared with samples collected using conventional techniques, milk samples collected directly from the gland cistern using a needle and vacuum tube contained fewer bacterial spe-cies and required more PCR cycles to detect bacterial DNA (Hiitiö et al., 2016) and samples collected with a sterile cannula inserted into the teat canal had reduced numbers of bacterial species and more samples in which no bacteria were detected (Friman et al., 2017) . This difference in detected bacterial species presumably occurs because bacterial DNA from the teat canal, teat or udder skin, or environment can be introduced when milk samples are collected manually. Bacteria present on teat skin and within the teat canal may influence which bacteria are detected with culture-independent methods. Moreover, teat skin bacteria have been shown to be associated with bedding type (Rowbotham and Ruegg, 2016) . More gram-negative bacteria and streptococci were found on teat skin of cows bedded on manure solids than on sand, as these teats had greater exposure to these types of bacteria. Previous milk microbiota studies have not reported the bedding type of the cows that were studied, which limits understanding of the influence of the cows' exposure to environmental bacteria. The objective of this pilot study was to evaluate the influence of sampling technique and exposure to different bedding types on the milk microbiota of healthy primiparous cows.
MATERIALS AND METHODS

Cow Eligibility Criteria and Selection
This study was conducted according to University of Wisconsin-Madison Animal Care and Use Protocol A005753. Cows were housed at the University of Wisconsin Agricultural Research Station, located in Marshfield, Wisconsin. The herd consisted of 127 lactating primiparous cows housed in a single freestall barn containing 4 pens. Each pen contained a different bedding material: deep-bedded new sand, deep-bedded recycled sand, sawdust over foam-core mattresses, or deep-bedded manure solids. Management and bacterial counts of teats and bedding of cows located on this facility have been previously described (Rowbotham and Ruegg, 2016; Guarín et al., 2017) . Cows that were 14 to 270 DIM and had not experienced a case of clinical mastitis or had a DHI SCC greater than 150,000 cells/mL in their current lactations were eligible to be screened for inclusion in this study (n = 86). All sampling was conducted by university researchers during a single farm visit. Screening of quarter-milk samples for eligibility was performed during the morning milking. Quarter milk samples were collected from each eligible cow at the morning milking, transferred immediately to a local DHI facility (AgSource Milk Analysis Laboratory, Marshfield, WI), and analyzed for SCC (CombiFOSS 6000, Foss Food Technology Corp., Hillerød, Denmark). Quarter-level SCC results were returned within 3 h and cows with SCC <100,000 cells/mL in all 4 quarters were eligible for selection (n = 67). Among eligible cows, 5 from each of the 4 pens were randomly selected for inclusion in the study using a random number generator.
Microbiological Sampling
Collection of milk samples was completed immediately before the afternoon milking and all aseptic samples were collected by a single researcher. Selected cows (n = 5) from each of the 4 pens were brought to a group pen, restrained in headlocks, and measured with a weight tape. Before collection of any samples, cows were sedated with approximately 0.10 mg/kg of intravenous xylazine. For all cows, aseptically collected milk samples were collected in the following order: (1) composite milk samples, (2) conventional quarter-milk samples, and (3) cisternal milk samples. After cows were visibly sedated, udders were thoroughly wiped using a clean, dry individual cloth towel to remove gross contamination. Teats were then sanitized according to National Mastitis Council (1999) guidelines. Initially 3 streams of foremilk were manually removed from each teat, then a 0.5% iodine predip was applied. After 30 s, iodine was wiped off using another clean dry cloth towel. Oxytocin (5 IU) was administered intravenously and a composite milk sample was collected using the following procedures: 3 streams of milk were discarded from one teat, which was then scrubbed with gauze soaked in 70% isopropanol, and the teat was allowed to dry. Next, 3 streams of milk were discarded again and milk (approximately 10 mL) was collected into a sterile sample vial. This process was repeated with the other 3 teats, using the same sample vial.
Individual "extreme aseptic" quarter samples were collected after the composite samples. The sampler put on a new pair of nitrile gloves immediately before discarding another 3 streams of milk and scrubbing the teat with an isopropanol-soaked gauze pad, with emphasis on scrubbing the teat end. The isopropanol was allowed to dry, 3 more streams of milk were discarded, and approximately 40 mL of milk was collected into a sterile sample vial. Only one teat per cow was sampled using this technique. The first cow was sampled from the right rear, the second cow was sampled from the left rear, the third was sampled from the right front, and the fourth was sampled from the left front. This ordering was repeated until the 20th cow.
Finally, one milk sample from the same enrolled quarter of each cow was collected using cisternal puncture (Hiitiö et al., 2016) . A small area at the base of the teat, approximately where the gland cistern is located, 3 was scrubbed with surgical iodine and isopropanol. After the isopropanol dried, a 1-inch (2.54 cm) Vacutainer needle (BD, Franklin Lakes, NJ) was inserted into the base of the teat pointing upward, such that it would enter the gland cistern. Milk was collected into two 9-mL sterile vacuum blood collection tubes that contained no additive (Greiner Bio-One, Kremsmünster, Austria).
Bedding samples were collected from each pen by one researcher using standardized technique. Briefly, the researcher used gloved hands to collect a handful of visually clean bedding from the back one-third of every third stall in each pen. Samples from within a pen were combined in a clean bucket, and a subsample was transferred to a clean plastic bag with a zip closure. This process was repeated for each pen with clean gloves and buckets.
Microbiological Culturing
Milk samples were placed on ice, taken to the University of Wisconsin-Madison Milk Quality Laboratory, and frozen at −20°C overnight. The next day, milk was thawed at room temperature and 100 µL of milk was inoculated on half of a trypticase soy agar plate containing 5% sheep blood (BD, Sparks, MD) and half of a MacConkey agar plate (BD, Sparks, MD) and incubated at 37°C. Plates were checked at 24 and 48 h. If 3 or more colonies of one type were present, one colony was selected and tested for catalase production, coagulase production, mannitol reaction, Gram stain, and morphology. Samples with 3 or more colony types, regardless of number of colonies, would have been considered contaminated, but none were found.
Dry matter content of bedding samples was determined by microwaving 3 to 6 g of wet bedding for approximately 10 min and OM was determined by placing 3 to 6 g of dried bedding in crucibles and heating at 600°C for 72 h. For microbiological analysis, 10 g of wet bedding was suspended in 90 mL of sterile PBS and agitated manually for 60 s. Bedding particles were allowed to settle for 20 min and then the supernatant was serially diluted and plated on the following media: MacConkey agar, MacConkey-inositol-carbenicillin agar (MacConkey agar base with 5 g of myo-inositol/20 g of MacConkey and 75 µg/mL of carbenicillin as per Hogan et al., 2007) , and modified Edwards agar (Oxoid, Basingstoke, UK) with 5 mg/L of colistin sulfate, 2.5 of mg/L of oxolinic acid, and 5% fetal bovine plasma. Four 10-µL inoculations of each dilution (10 −1 , 10 −2 , 10 −3 , and 10 −4 ) were pipetted on each plate. Plates were incubated at 37°C for 24 h and the least dilution with countable colony-forming units (≤50 cfu/inoculation). The mean number of colonies per inoculation was calculated for the selected dilution.
DNA Extraction and Quantification
Four milliliters of whole milk was used for DNA extraction. Samples were centrifuged at 13,000 × g and 4°C for 20 min to produce a pellet, which was extracted with a modified QIAamp DNA Mini Stool Kit (Qiagen, Frederick, MD). Milk fat was removed, Buffer ASL was added, and samples were freeze-thawed 5× in liquid nitrogen and a 37°C water bath and then samples were incubated with lysozyme for 30 min. Samples were then incubated with Proteinase K and Buffer ASL for 10 min before the addition of ethanol. Samples were then added to spin columns, washed with Buffer PE, and eluted with Buffer AE. Extracted DNA was lyophilized and resuspended in 20 µL of H 2 O before quantification with a Qubit system (ThermoFisher, Waltham, MA). Real-time quantitative PCR was performed with EvaGreen (Bio-Rad, Hercules, CA) and the following primers for bovine cyclophilin A: forward 5′-CACCGT-GTTCTTCGACATCG-3′ and reverse 3′-ACAGCT-CAAAAGAGACGCGG-5′ (Weaver et al., 2017 ) on a CFX96 Touch Real-Time PCR Detection System (BioRad).
PCR, Microbiota Sequencing, and Sequence Processing
Samples were amplified using a Phusion polymerase kit (New England BioLabs, Ipswich, MA). The genomic DNA from each sample was amplified using universal bacterial primers for the 16S rRNA variable region V4, as previously described (Kozich et al., 2013) . A total of 5 ng of diluted DNA, 1 µL of 10 µM forward primer (5′-GTGCCAGCMGCCGCGGTAA-3′), 1 µL of 10 µM reverse primer (5′-GGACTACHVGGGTWTC-TAAT-3′), 6.6 µL of Phusion Master Mix, and H 2 O up to 20 µL were used in each reaction. The forward and reverse primers each contained unique barcodes to facilitate multiplexing on an Illumina MiSeq (San Diego, CA). All samples underwent PCR with an initial denaturing step at 98°C for 30 s, followed by 8 s of denaturing at 98°C, 20 s of annealing at 58°C, and 20 s of extension at 72°C. This was repeated for 40 total PCR cycles and finished with a 5-min extension at 72°C.
We tested our reagents for contamination by setting up PCR reactions in a biosafety cabinet with new nuclease-free water, primers, and polymerase and no added sample DNA and using the same PCR conditions as used for our samples. Due to our experience with polymerase contamination and previous studies on taq polymerase indicating contamination amplification resulting from PCR cycles >30 (Jervis-Bardy et al., 2015), we also performed PCR without template DNA as a negative control. The PCR products were then visualized on an agarose gel; bands were cut out and extracted from the gel with a Zymoclean gel DNA recovery kit (Zymo Research, Irvine, CA). Negative controls for which bands were observed were also cut out and extracted for sequencing. Agarose dissolving buffer was added to gel pieces and gels were incubated at 55°C until dissolved. Melted agarose was transferred to a spin column and centrifuged at 10,000 × g for 30 s. The DNA was then washed with wash buffer and eluted with DNA elution buffer into a new sterile microcentrifuge tube. All samples and negative controls were quantified using high-sensitivity Qubit reagents, pooled at equimolar concentrations, and sequenced with 10% PhiX control DNA on an Illumina MiSeq (Dill-McFarland et al., 2017) .
Raw sequences from all samples in fastq format were obtained from the Illumina MiSeq and subjected to cleanup with mothur v1.38.1 (Kozich et al., 2013) . Paired-end reads were combined into contigs. Sequences were then screened (maxambig = 0, maxhomop = 8, minlength = 200, maxlength = 500). Identical sequences were grouped using unique.seqs and then aligned to the SILVA 16S rRNA gene reference alignment database (Release 128; Quast et al., 2013) . Chimeras were removed using chimera.uchime. The resulting high-quality sequences were then classified using the SILVA database and all nonbacterial sequences were removed (Archaea, Eukaryota, cyanobacteria, and mitochondria). Sequences that appeared only once in the data set were removed and the rest of the sequences were subjected to pairwise distance calculation using dist.seqs. Sequences were assigned to operational taxonomic units (OTU) using cluster.split (method = average, cutoff = 1) at 97% sequence similarity. The above pipeline was also used to process raw sequence data obtained from our negative controls, and the resulting OTU were removed from our samples before downstream statistical analysis. Good's coverage was calculated for the remaining sample data to determine coverage and the taxonomy of the OTU was determined using the GreenGenes database (August 2013 release; DeSantis et al., 2006) . All DNA sequences have been deposited in the National Center for Biotechnology Information Short Read Archive under BioProject ID PRJNA436743 (https:// www .ncbi .nlm .nih .gov/ bioproject/ 436743).
Statistical Analysis
Descriptive statistics of enrolled cows (cow-level DHIA SCC, daily milk yield, and DIM) and quarters (quarter-level SCC at morning milking) were subjected to an ANOVA by bedding type using PROC MIXED in SAS 9.4 (SAS Institute Inc., Cary, NC). The experimental unit used for microbiota analysis was milk sample. Chi-squared analysis of PCR band data was done using PROC FREQ in SAS 9.4, whereas DNA yield data and real-time quantitative PCR data were subjected to an ANOVA using PROC MIXED by sample type. For cisternal samples where both duplicate samples had sequencing results, duplicates were averaged and the resulting averages were used for analysis. Chao richness and Shannon diversity indices were generated in mothur (Schloss et al., 2009 ) and analyzed with a 2-way ANOVA for the effects of bedding and sample type as well as interactions between bedding and sample type using SAS 9.4 PROC MIXED. Canonical discriminant analysis of results of all samples, as well as cisternal samples by bedding type, was performed in SAS 9.4 PROC CANDISC using the relative abundances of the top 15 OTU, and 68% prediction ellipses were included to cover 1 standard deviation on both axes (Friendly, 2006) .
RESULTS
Characteristics of the Herd and Cows
Of 127 lactating primiparous cows on the farm, 86 were eligible for screening and 67 passed screening criteria. Cows that met all eligibility criteria were located in pens bedded with new sand (n = 17), recycled sand (n = 15), deep bedded manure solids (n = 18), and mattresses with sawdust (n = 17). Among eligible cows in each pen, 5 were selected from each of the 4 pens for a total of 20 cows. One alternate cow was used because the original cow was kicking even after sedation. Overall, daily milk yield and DIM did not differ (P > 0.50) among cows enrolled from different pens and were 35.7 kg/d and 151 d, respectively. Quarter-level SCC at the morning milking for the individually sampled quarters did not differ among pens (P = 0.15) and had a geometric mean of 15,500 cells/mL. Cow-level monthly DHI SCC was greatest for cows housed on manure solids (geometric mean: 40,700 cells/mL), intermediate for cows housed on recycled sand (geometric mean: 30,200 cells/mL) and new sand (geometric mean: 23,442 cells/ mL), and least for cows housed on sawdust (geometric mean: 20,000 cells/mL; P = 0.013).
Microbiological Culturing
Of composite milk samples (n = 20), 4 had nonsignificant microbial growth (1 or 2 bacterial colonies), 2 had growth of non-aureus Staphylococcus spp., and 1 had growth of Corynebacterium spp.; the remaining samples had no visible growth (n = 13). No gramnegative bacteria grew from any of the samples and no 5 samples were classified as contaminated. No bacterial colonies were cultivated from any quarter-milk samples collected using extreme aseptic technique (n = 20) or from duplicate quarter-milk samples collected using cisternal puncture (n = 40).
Only samples of manure solids bedding contained large numbers of culturable gram-negative and coliform bacteria, but considerable numbers of streptococci were recovered from all bedding types (Table 1) .
Microbiota Analysis
We used nonculture DNA-based molecular approaches for characterizing the microbiota of our milk samples. A tendency was observed for quantity of DNA extracted from milk samples to differ by sample type (P = 0.073), and quantities were 54.7 ng (2.74 ng/µL), 40.1 ng (2.01 ng/µL), and 33.2 ng (1.66 ng/µL) for milk collected using cisternal puncture, composite sampling, and conventional sampling, respectively. Despite addition of a standard amount of DNA (5.0 ng; 0.625 ng/µL) to each PCR reaction, the proportion of milk samples that resulted in successful PCR amplification was greatest for milk collected using cisternal puncture (n = 33/40; 83%), as compared with the proportion of milk samples collected using conventional quarter sampling (n = 8/20; 40%) or composite sampling (n = 9/20; 45%; P = 0.001). Of cisternal milk samples that amplified, the distribution by exposure to bedding type was manure solids (n = 8), recycled sand (n = 8), sawdust (n = 8), and new sand (n = 9). Of conventionally collected quarter milk samples that amplified, the distribution by bedding type was manure solids (n = 2), recycled sand (n = 0), sawdust (n = 2), and new sand (n = 4). Of composite milk samples that amplified, the distribution by bedding type was manure solids (n = 3), recycled sand (n = 1), sawdust (n = 1), and new sand (n = 4). The real-time quantitative PCR cycle threshold for detection of bovine DNA in the DNA samples was 28.7 and did not differ by sample type (P = 0.72).
Due to the reported low yield of DNA from milk (Kuehn et al., 2013) and greater cycle threshold required for cisternal samples (Hiitiö et al., 2016) , we collected duplicate cisternal milk samples because we anticipated that these samples would be more difficult to amplify, thereby requiring larger quantities of milk. We found that this hypothesis was incorrect, as 12 of 20 duplicated samples yielded bands for both samples and 8 of 20 duplicated samples yielded bands for one of the duplicates. When visible amplicon bands were available for both duplicates, we sequenced these duplicates and used both results to obtain average richness, diversity, and sequence values for that mammary quarter.
Microbiota sequencing using an Illumina MiSeq produced 3,350,438 total reads with an average of 40,859 reads per sample. After filtering to remove low-quality sequences, short sequences, and chimeras, a total of 1,895,272 high-quality reads were retained with an average of 23,113 reads per sample. Clustering of all sequences resulted in a total of 4,051 OTU. The samples were then normalized to 3,500 sequences as 3,500 was the lowest number of sequences present in samples with an acceptable Good's coverage (Weiss et al., 2017) . To verify that each sample had sufficient coverage, we calculated Good's coverage and found an average of 97.5%, indicating that we had generated enough sequences per sample. Only 14 of the 4,051 OTU had a sequence abundance greater than 1% of the total sequences. Of these, an OTU classified to the genus Enhydrobacter (10.8% of sequences) was most prevalent, whereas 2 other OTU classified to the family of Rhodocyclaceae and genus Janthinobacterium represented 5.8 and 4.7% of total sequences, respectively (Figure 1) . Overall, the proportion of DNA from low-prevalence OTU was 40, 46, 52, and 56% for milk samples collected from cows housed in pens containing manure solids, recycled sand, sawdust on foam-core mattresses, and new sand, respectively (Figure 1 ). Seven OTU found in negative controls, including the genera Halomonas, Pseudomonas, and Shewanella, were removed as contaminants (Supplemental Figure S1 ; https:// doi .org/ 10 .3168/ jds .2017 -14212).
In this pilot study, we did not have sufficient sample size to compare richness or diversity based on sample type and bedding type. Chao richness of milk samples did not differ by bedding type (P = 0.34). However, when results of milk samples obtained from cows on all bedding types were combined (regardless of sampling technique), richness was greatest in composite samples as compared with quarter-milk samples collected either conventionally or using cisternal puncture (Table  2 ; P = 0.010). Shannon diversity did not differ based on bedding (P = 0.11) or sample type (Table 3 ; P = 0.49). Canonical discriminant analysis of all samples showed more separation by sample type than bedding type (Figure 2 ), whereas canonical discriminant analysis performed on only cisternal samples showed that exposure to different bedding types resulted in differences among bacterial community compositions of milk samples despite similar richness and diversity ( Figure  3 ). Cisternal milk samples obtained from cows housed on new sand and recycled sand had similar populations whereas the samples from cows housed on sawdust bedding or manure solids did not overlap.
Sequences classified to the genus Staphylococcus accounted for 18.5% of the sequences in the composite milk sample from recycled sand bedding (which grew colonies of non-aureus Staphylococcus spp. that were too numerous to count) but did not comprise more than 2.1% of sequences from any other milk samples. However, a composite sample from a cow housed in the manure solids pen that resulted in the growth of a Corynebacterium spp. at approximately 340 cfu/mL produced no detectable band after PCR amplification.
DISCUSSION
Composite, extreme aseptic quarter-milk, and cisternal milk samples were collected from primiparous dairy cows with low SCC and no history of clinical mastitis to determine the potential influence of sampling method and environmental exposure on the milk microbiota. We sampled only 20 cows because this was a pilot study designed to explore whether these factors may influence the milk microbiota. The small sample size limited our power to detect differences in microbial richness and diversity. Within cisternal samples, neither Chao richness nor Shannon diversity differed by bedding type but statistical power to detect a difference in richness and diversity was 28 and 7%, respectively. To achieve 90% power for richness and diversity would require 76 and 796 quarter milk samples, respectively (Faul et al., 2007) , and our results indicate that a larger study would be beneficial. Despite the lack of power, we were able to identify differences in overall community composition by bedding type. Although the number of OTU and overall evenness of OTU did not differ, OTU were not represented in the same proportions in cisternal samples obtained from cows housed on different bedding types. These preliminary results indicate that researchers should consider the type of bedding that cows are exposed to as they assess the milk microbiome. When milk samples originate from different farms or pens, researchers should consider the influence of exposure to different bedding types as a potential source of variation. Studies designed to evaluate differences in the milk microbiome based on differing physiological states or infection status should be designed to minimize differing environmental exposures.
The primiparous cows used in our study were chosen because a previous study conducted using cows housed in the same facility reported low SCC and minimal bacterial growth in cultures of quarter milk samples (Rowbotham and Ruegg, 2016) and we wanted to enroll the healthiest possible mammary quarters to minimize the chance that inflammation or infection would influence our results. Cows in this herd are housed in pens that contain different bedding types within the same barn, which provides a unique opportunity to evaluate whether the milk microbiota is associated with bedding type. No studies have examined this relationship, even though housing on different types of bedding is known to be associated with exposure to different distributions of potential mastitis pathogens (Hogan et al., 1989; Rowbotham and Ruegg, 2016) .
In our study, all milk samples were cultured but only composite milk samples resulted in growth of Samples within a row with different superscripts differ in ANOVA (P = 0.01).
1
The number of samples is in parentheses. Cows were housed in 4 pens within 1 barn; 1 pen contained each bedding type (manure solids, recycled sand, new sand, or sawdust). Table 3 . Average Shannon diversity of milk samples aseptically collected from all 4 quarters of 1 cow (composite), from a single quarter of 1 cow using conventional techniques (quarter), or from the cistern of the same quarter of the same cow using a needle and vacuum tube (cisternal) The number of samples is in parentheses. Cows were housed in 4 pens within 1 barn; 1 pen contained each bedding type (manure solids, recycled sand, new sand, or sawdust).
2
Samples within a row did not differ in ANOVA (P > 0.10).
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Journal of Dairy Science Vol. 101 No. 7, 2018 viable bacteria. Composite milk samples offer the greatest opportunity for isolation of bacteria that may have originated from outside the mammary gland, as sampling from all 4 quarters will increase the risk of contamination. Moreover, contamination with external sources of bacterial DNA is probably difficult to avoid when collecting samples in a milking parlor or barn, as bacteria can be present in bedding at millions of colony-forming units per gram of DM (Hogan et al., 1989; Rowbotham and Ruegg, 2016) . Although the teat skin is disinfected and scrubbed before sampling (National Mastitis Council, 1999), conventionally collected milk samples must pass through the teat canal. The teat canal may have a different microbiome than milk present in the mammary gland (Falentin et al., 2016) and collecting milk directly from the cistern of the mammary quarter (Hiitiö et al., 2016) allows for bypass of the teat canal. The results of our cisternal samples are based on milk that did not have the opportunity to be contaminated with bacteria present on skin, in the external environment, or in the teat canal. Our results suggest that milk sampled directly from the gland cistern contains bacterial DNA that does not originate in the teat canal and support the need for additional research with larger groups of animals and from more farms to further explore the potential origin and role of these microbial communities.
In our study, we unexpectedly observed that composite and quarter milk samples were less likely to have successful PCR amplification than the cisternal samples. This outcome contrasts with previous work in which cisternal samples had a higher cycle threshold and fewer bacterial species detected with a multiplex PCR (Hiitiö et al., 2016) , although DNA yields from the milk samples were not reported in that study. The overall yield of DNA from our cisternal samples tended to be greater than from our quarter or composite samples, but the same total amount of DNA was added to each sample's PCR reaction. Additional research is required to understand why the DNA yield and amplification varied in this way, especially when we had one composite sample with growth in culture that did not have a successful PCR reaction. Previous work has not always found cultured bacteria among the most prevalent OTU after sequencing, and the reason for these discrepancies between culture results and sequencing results is unknown (Oikonomou et al., 2012) . The PCR reaction may be inhibited by unaccounted factors in quarter and cisternal samples. The low yield of bacterial DNA from milk samples has commonly been reported in previous studies and has necessitated using 30 (Oikonomou et al., 2012) or 35 PCR cycles; even with 35 cycles, some colostrum samples did not have successful PCR amplication, although the number of failed PCR reactions was not reported (Lima et al., 2017) . To address the low DNA yield issue, one group performed whole-genome amplification before targeted PCR (Kuehn et al., 2013) . A common cycle threshold for detection of bacterial DNA in a commercially available mastitis pathogen PCR kit is 37 cycles (Hiitiö et al., 2016) , which is between the 35 cycles that others have used (Lima et al., 2017) and the 40 cycles that we used. Importantly, our samples failed to yield at least 25 ng of DNA, which is typically used to generate PCR products from other samples from cows, such as rumen contents (Dill-McFarland et al., 2017) . We had previously attempted to extract bacterial DNA from milk with a bead-beating technique used for feces or rumen contents (Dill-McFarland et al., 2017) , but that method had yielded less DNA than the method we used in this study. The use of cisternal samples or alterations in DNA extraction and PCR methodologies are potential areas for improvement for future studies.
Because of low DNA yield from our milk samples, we increased our PCR cycles, and to eliminate the possibility of reagent contamination, we sequenced our negative PCR controls so we could eliminate reagent contaminants from our sequence results as reported previously by Jervis-Bardy et al., (2015) . Prior to this study, we had tested polymerase by performing PCR using identical conditions as used in our study. To evaluate the possibility of reagent contamination, we tested new reagents without sample DNA and identified sequences that were consistent with those found in our negative controls. The negative samples from our reagent testing process were consistent with the negative samples that were run parallel with our milk samples. To minimize the potential for environmental contamination, all PCR reactions were performed using a clean biosafety cabinet in a laboratory that specializes in microbiota analysis. Negative control sequences from this study are included with the sample sequences uploaded to the National Center for Biotechnology Information Short Read Archive. Seven OTU that were found in negative controls were removed from sequence results of experimental samples. Of removed OTU, the 3 most prevalent were the genera Pseudomonas, Halomonas, and Shewanella. Pseudomonas has previously been described as a reagent contaminant (Jervis-Bardy et al., 2015) and is a mastitis pathogen that causes rapid increases in SCC and would not likely be found in healthy milk samples such as ours (Bannerman et al., 2005) . Halomonas has also been found as a polymerase contaminant (Iulia et al., 2013) but Shewanella was not reported as a contaminant by Iulia et al. (2013) or Jervis-Bardy et al. (2015) . Like Pseudomonas, however, Shewanella are water-associated bacteria that grow well in the culture conditions we used (Holt et al., 2005) , making the presence of Shewanella unlikely in our milk samples.
The composite milk samples used in our study were the only samples with growth of viable bacteria, and these samples had greater Chao richness than the quarter or cisternal samples. Richness reflects the number of OTU present in a system and diversity measures evenness of OTU. The Shannon diversity of our milk samples was less than other reports, which range from 4.0 (Oikonomou et al., 2014) to 7.5 (Ganda et al., 2016) , and our data are closer to the lower end of this spectrum. However, direct comparison of such metrics among studies is difficult as there are many differences in the methodologies used among these studies. For example, we normalized to fewer sequences per sample than other studies, which may contribute to our reduced diversity, and our study used Illumina sequencing whereas others have used 454-based pyrosequencing (Oikonomou et al., 2012; Kuehn et al., 2013) or different DNA extraction methods (Ganda et al., 2016) . The low prevalence of DNA sequences from our Staphylococcus-and Corynebacterium-positive samples suggests that the teat skin (Braem et al., 2012; Braem et al., 2013) or teat canal (Falentin et al., 2016) bacteria may have been removed during sanitization or during the forestripping steps. Our sampling protocol included 4 sequential forestripping steps, each of which included removal of 3 streams of foremilk. This is approximately 4 times more milk removed than is normally discarded during routine sampling protocols (National Mastitis Council, 1999) . Neither Ganda et al. (2016) nor Lima et al. (2017) cultured milk samples from healthy mammary quarters, which raises uncertainty about whether their samples may have had growth in culture or have been contaminated. These potential sources of variation illustrate the need for development of consistent sampling and laboratory methods for studies of the milk microbiota.
Canonical discriminant analysis of the 15 most prevalent OTU from our cisternal samples revealed differing populations among bedding types, with a large overlap between OTU of samples obtained from cows in pens containing either recycled or new sand. This discrimination based on bedding type was not detectable when all samples, regardless of collection method, were analyzed together. Bacterial exposure of teats differs by bedding type, but some of the most common OTU found in this study are not typically cultured or enumerated in bedding research (Hogan et al., 1989; Rowbotham and Ruegg, 2016) . The top OTU we observed included known environmental bacteria from the genus Janthinobacterium, which has been found in soils of cold regions (Shivaji et al., 1991) . Organisms from this genus can be grown at 10°C on agar plates containing casein (Shivaji et al., 1991) but would not be identified using laboratory methods described for culture of dairy cow bedding materials (Hogan et al., 2007) . Our study was conducted in Marshfield, Wisconsin, in February 2017, which had temperatures ranging from −19 to 15°C (University of Wisconsin-Madison, 2017 ), similar to conditions in which Janthinobacterium has been identified (Shivaji et al., 1991) . Other environmental bacteria we identified included the genus Enhydrobacter, which has been reported to vary in cellulose-degrading capabilities and has been found in plant composts (Premalatha et al., 2015) . Bacteria in this genus have been cultured in microaerophilic conditions (Staley et al., 1987) , which differ from the aerobic conditions normally found in bedding microbiology (Hogan et al., 2007) . We also identified members of the family Rhodocyclaceae, which were some of the most abundant OTU in our study. Members of this family are known to require several weeks of incubation at room temperature for enrichment and growth (Smalley et al., 2015) , rather than the 24 h often used for dairy cow bedding studies (Hogan et al., 2007) . Our results suggest that if viable bacteria are present, different microbiological conditions may be required to grow these unusual bacterial taxa from bedding or milk samples. Additionally, viable bacteria would grow very slowly within the mammary gland as the temperature and nutrients present are different from the presumed natural ecosystems or laboratory growth conditions, and the bacteria would be removed frequently during milking.
The Klebsiella, coliforms, and streptococci that grew from our bedding samples are all examples of known mastitis pathogens and are commonly cultured from bedding samples (Rowbotham and Ruegg, 2016) . Although present in the bedding, none were cultured from milk samples we collected from the low-SCC, clinically healthy mammary quarters enrolled in our study. We cannot determine in this study whether the DNA from uncultured bacteria we detected in the milk samples were viable, and thus cannot confirm whether the reported microbiota exists as a dynamic community of bacteria within the mammary gland or whether the milk is sterile and contains DNA from nonviable microorganisms that may have been present within phagocytes (Rainard, 2017) . However, if some of the bacteria detected in the cisternal samples are indeed alive, the biological significance of bacteria within the mammary gland cistern is as yet unknown.
We conducted this pilot study to determine if further investigation into sampling methods and environmental exposures is needed for future studies on the bovine milk microbiota. Due to the nature of the facility we used, all samples were collected from primiparous cows and the milk microbiota of older animals may differ. Although the inferences that can be drawn from our data set are limited by the small sample size and inclusion of only primiparous cows, our results suggest that both sampling method and bedding type should be considered and reported in future studies of the bovine milk microbiota and efforts should be made to standardize these variables when possible. This is underscored by the unsuccessful PCR amplification of many of the composite and quarter samples, which limits our ability to characterize the microbial communities present in these milk samples. Comparing sampling methods and the associations with bedding type in additional animals would increase our ability to detect differences in the milk microbiota, especially considering the difficulties of amplifying bacterial DNA extracted from milk, and this study highlights important differences in sampling methods that may manifest during sample handling and analysis.
CONCLUSIONS
The effect of sampling technique and bedding type on the microbiome of bovine milk samples was examined. Milk samples collected via cisternal puncture had the most successful PCR amplification and sequencing and further investigation is required into why the sample type was associated with sequencing success in these low DNA yield samples. Bedding type was associated with the bacterial community composition in cisternal samples, suggesting that bedding should be considered in future milk microbiome studies.
